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Hashimoto, K., and Kano, M. (2003). Neuron 38, this issue, 785–796.(2003) reveal that differences in glutamate release prob-
Kater, S.B., and Lipton, S.A. (1995). Trends Neurosci. 18, 71–72.abilities at presynaptic sites dictate the outcome of com-
petition among climbing fibers (CF) for the sole innerva- Kopp, D.M., Perkel, D.J., and Balice-Gordon, R.J. (2000). J. Neurosci.
20, 8771–8779.tion of Purkinje cells (PC) in the cerebellum. Due to its
Korkotian, E., and Segal, M. (1999). Neuroreport 10, 2875–2877.relative simplicity, the CF to PC synapse has provided
an excellent model system to study activity-dependent Lipton, S.A., and Kater, S.B. (1989). Trends Neurosci. 12, 265–270.
synapse elimination in the developing central nervous Segal, M., and Andersen, P. (2000). Curr. Opin. Neurobiol. 10,
582–586.system. In this system, each PC is initially innervated
by multiple CFs in early postnatal life. Over the course Tashiro, A., Dunaevsky, A., Blazeski, R., Mason, C.A., and Yuste, R.
(2003). Neuron 38, this issue, 773–784.of several weeks, however, every PC is eventually inner-
vated by only one CF as the other innervating inputs Yuste, R., and Bonhoeffer, T. (2001). Annu. Rev. Neurosci. 24, 1071–
1089.are eliminated. Hashimoto and Kano obtained detailed
measurements in physiological properties of CF to PC
synapses during this transition from multiple to single
innervation. They found that initially (postnatal day 3),
PCs are innervated by multiple CFs, each having ap- Cholinergic Modulationproximately similar synaptic strengths. As development
of Skill Learning and Plasticityproceeds, the synaptic strength of one CF becomes
stronger than the others, with the weaker inputs presum-
ably becoming eliminated. Interestingly, Hashimoto and
Kano observed that the peak glutamate concentration
The basal forebrain cholinergic system strongly influ-in the synaptic cleft for weaker CFs was significantly
ences both cortical plasticity and learning. Directlylower than that for stronger CF. Furthermore, they found
relating these two roles has proven difficult. New resultsthat the number of release sites but not the release
indicate that nucleus basalis lesions prevent motor cor-probability is responsible for the difference in the
tex map plasticity and impair skill learning. These resultsamount of glutamate release between competing CFs.
strengthen the hypothesis that nucleus basalis gatesSuch a difference in glutamate release appears to pre-
neural plasticity necessary for instrumental learning.cede synapse elimination of weaker CFs while resulting
in the stabilization and growth of the stronger CF. To-
gether with similar studies of synaptic competition be- Our brains are learning machines that adapt constantly
tween different motor axons at developing neuromuscu- to meet our changing needs. With enough practice and
lar junctions (Colman et al., 1997; Kopp et al., 2000), this dedication, even difficult skills like playing violin or read-
study by Hashimoto and Kano underscores the impor- ing Braille can be learned at any age. Modern imaging
tance of neurotransmitter release in the elimination and has made it possible to actually see brain changes that
stabilization of synaptic connections. accompany skill learning (Ungerleider et al., 2002). Al-
Kater and colleagues speculated in 1995 (Kater and though there is no longer any question that neural net-
Lipton, 1995) that a series of fundamental questions works can change, it is not at all clear how neurons
regarding the role of neurotransmitters in the develop- determine what specific changes they should make to
ment of the nervous system would have been posed contribute to the development of a new skill. Presum-
and addressed by now. Indeed, studies in the past few ably, individual neurons lack any real understanding of
years including the two in this issue of Neuron clearly behavioral goals. So how do they determine which of
demonstrate that neurotransmitter activity is crucial in their thousands of synaptic connections to strengthen
regulating synaptic connectivity. With the advent of and which to weaken?
transgenic mice expressing fluorescent proteins in the Practicing Braille, violin, and many other skills causes
cytoplasm of axons and dendrites and the increased more neurons to respond to inputs from the skin that
use of two-photon microscopy, one can envision that are heavily engaged by these activities (Elbert et al.,
future studies will address directly in intact animals the 1995). Since repetition is important for both skill learning
role of neurotransmitters in synaptic plasticity and main- and neural plasticity, it is possible that neurons learn
tenance. new skills simply by strengthening active inputs (Rioult-
Pedotti et al., 1998). The downside of such a strategy
is that it would optimize our brains for frequent tasksWen-Biao Gan
without regard for their relative importance. Therefore,Molecular Neurobiology Program
some mechanism must exist to prevent frequent experi-Department of Physiology and Neuroscience
ences and actions from crowding out important but lessSkirball Institute
common experiences and actions (Plautz et al., 2000).New York University School of Medicine
While many systems contribute to the regulation of corti-New York, New York 10016
cal plasticity, several intriguing features of the basal
forebrain cholinergic system suggest it plays a particu-Selected Reading
larly important role in guiding both learning and plas-
Chang, S., and De Camilli, P. (2001). Nat. Neurosci. 4, 787–793. ticity.
Nucleus basalis magnocellularis (NBM) neurons lo-Colman, H., Nabekura, J., and Lichtman, J.W. (1997). Science 275,
356–361. cated in the basal forebrain are activated by both re-
wards and punishments, proportional to the intensity ofGomez, T.M., and Spitzer, N.C. (2000). J. Neurobiol. 44, 174–183.
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Figure 1. Cholinergic Effects on Cortical Map
Plasticity and Motor Learning
Conner and colleagues report that Nucleus
Basalis (NBM) lesions interfere with learning
of a simple reaching task and the motor map
plasticity associated with it.
the motivator (Richardson and DeLong, 1991). Individual untrained rats. In contrast, the forepaw area of NBM
lesioned rats actually decreased by 22%. These resultsNBM neurons can learn to respond to stimuli of any
modality that predict primary reinforcers. NBM neurons provide some of the first direct evidence that blocking
map plasticity interferes with skill learning.are highly active during acquisition, but not during per-
formance, of simple, well-learned tasks (Orsetti et al., Several important controls establish that the impaired
skill learning was not caused by a nonspecific impair-1996). Pharmacological and electrical stimulation of the
cholinergic system has been shown to improve learning ment of learning, sensorimotor function, or attention. To
determine whether NBM lesions impair all learning, theand increase plasticity, while inactivation interferes with
many forms of learning and plasticity (Edeline, 1999; authors tested the ability of lesioned rats to learn to
associate a tone with footshock. Lesioned rats not onlyHasselmo, 1995; Weinberger and Bakin, 1998). Although
these facts suggest NBM neurons gate cortical plasticity learned quickly but were able to remember the associa-
tion more than a week later. Lesioned rats were alsothat contributes to learning, most studies of the central
cholinergic system have investigated plasticity and just as good as normal rats at crossing a challenging
horizontal ladder of wire and they exhibited normal activ-learning separately, and therefore do not conclusively
establish whether plasticity is required for learning. In ity levels. Thus, the impaired skill learning in NBM le-
sioned rats is not due to a generalized motor or learningthis issue, Conner and colleagues report the first evi-
dence to directly associate impairments in learning with deficit.
The authors argue that the learning impairment in le-disruption of cortical plasticity following selective NBM
lesions (Conner et al., 2003). sioned rats is not due to impaired vigilance, since both
lesioned rats and sham controls completed 60 dailyThis elegant study effectively combines psychophys-
ics and functional brain mapping in animals with precise, reaching trials at the same pace and appear to have
been equally motivated by the task. Lastly, and mostcarefully quantified lesions. The immunolesion tech-
nique used specifically targets NBM neurons that are convincingly, the authors report that NBM lesions do
not interfere with pellet retrieval accuracy in rats thatboth cortically projecting and cholinergic (Heckers et
al., 1994). Only one-third of the NBM neurons that project had learned the task prior to the NBM lesion. This control
indicates that the cholinergic NBM neurons are notto the cerebral cortex are cholinergic. These neurons
express the low-affinity NGF receptor and were specifi- needed to perform the reaching task and provides the
most convincing evidence to date that NBM lesions spe-cally destroyed by an immunotoxin made from a ribo-
some-inactivating protein linked to a monoclonal anti- cifically interfere with skill learning.
These results not only establish that NBM lesionsbody against the receptor. Noncholinergic NBM neurons
and cholinergic NBM neurons that project to the amyg- block both learning and plasticity, but clarify how indi-
vidual neurons can contribute to behavioral goals. Whiledala do not express the receptor and so do not internal-
ize the toxin. the exact connection between synaptic plasticity and
skill learning is not yet clear, these results are consistentNBM lesioned and sham lesioned rats were trained
to grasp and retrieve sugar pellets through a small slit with a form of supervised learning in which acetylcholine
released by NBM neurons provides a temporal markerusing a single forepaw (see Figure 1). While both groups
learned the task, lesioned animals required three times to label behaviorally relevant events and strengthen con-
nections among neurons that participate in the repre-as long to attain the same level of proficiency as sham
lesioned animals. After 2 weeks of practice, the authors sentation of these events. In other words, neural activity
patterns may instruct neurons how to learn (presumablydocumented the topography of primary motor cortex
using standard microelectrode stimulation techniques. via correlation-based synaptic learning rules), and ace-
tylcholine may instruct neurons what to learn (KilgardThe cortical area that elicited forepaw movement was
increased by 30% in sham lesioned rats compared to et al., 2002).
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While Conner et al. suggest that map plasticity may
be necessary for some forms of skill learning, they do
not argue that it is sufficient. What other changes con-
tribute to skill learning? How is it that lesioned rats slowly
improved in reaching accuracy while the motor map of
the forepaw was actually shrinking? Is the shrinkage
a function of forepaw use in the context of depleted
acetylcholine, or is the entire motor map reduced by
NBM lesions? With more time to practice, can NBM
lesioned rats reach the same performance as normal
rats? If map expansion is observed in these animals,
what other plasticity modulators are responsible? Do
NBM lesions prevent the auditory cortex map expansion
associated with tone-footshock pairing?
Whatever the answers to these intriguing questions,
Conner et al. have set a new standard that will surely
influence future studies of the neural basis of learning
and memory.
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